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Electrostatic (de) hclicity injection has pre-
viously been shown to successfully sustain the

magnetic fields of spheromaks and tokamaks.

The magnitude of the injected magnetic helic-

ity balances (within experimental error) the flux

lost by resistive d~ay of the toroidrd equilib-

rium, The problem of optimizing the ct,u-mnt

drive scheme hence involves muirnizing the in-

jected helicity (the voltage-connecting-flux prod-

uct) while rninirn.izing the current (which multi-

plied by the voltage reprcsentri the energy input

and also possible darnage to the electrodes),

The impedance (voltage-toCurrent ratio; and
energy efficiency of a dc hehcity iqjection exper-

iment are studied on the CTX spheromak, Over

scwwral years changes were made in thr physi -

ctd geometry of the coaxial magnetized plasma

source an well as changes in the extcmal electri-

cal circu]t. Thv murce could be operated over
a wid~ range of extemrd charging voltage (ad

he:lce current), applied axial flux, and source

gns flow rate, A d~t Rl]mse of resulting vtdtagc,

hc]icity injccticm, Wlcicncy, ckctron dcrrsity, rmd

rotati(m has bmm created, ‘l’hose expcrirrwntal

rmu]trn w conlpmd 10 an idm.! magnrtohydro-

dynarnic theory of rnngnctic flux flow. The thr.

orv is pwranwtcrizcd by tl,c dimcnrri(mlrss Ilrdl

pmramctml the rntio of elertric to ma~s rurr[,llt

For a constant IIall pmamcter thr thrwry rx-

plnins why thr vc~]lage ri~pm]dn qurdratirdly (m

tlIC rurmn! at col)ntrmt flux Thr thw~r.y al~()

vxpltinn the Appr{]ximntc]y linrar dqmnrlrncc of
t.t~r ilrl])c~lmicv.t(>currvnt ratio on the current -

I(} IIIIX ratio of tho ~~mrrr, ‘1’hr current-t[)-flux

rnt i(l it self (t h{’ rrwrgy ~)rr Illlit-tudlcity (If t.ti~

w~llrcr) is bImmlvd Iml(nv I)y c~msiflrrntitm~ of
ii trr[~ \JAMIc!* url~ilr tli(! r(dntlt)tl (If 111~~Ih,w

is II{d lltt~!rrmto[xl, ttw (lvl)~itv of 1111’Bllrnt}tilltxl

~ljli~ir(lil)nk ir RII~IWIlt~~ I)r rrlnt,r[l to LINBIIIMW

n

b(z)

,
—.— —-—

Figure 1: Diagram showing the geometry J the sirn-

plc cmxial channel flow model. A region of azimuthal
field Be where the tin] flow occurs is bounded by rc-
gionrr of axird field B,, with scparatriceu of radius a(z)

and b(z) .Diagram ~howing th~ geometry of th~ simpl~
corurial channel flow mode;. A region of asimuthal
fi~ld Be whcrr thr axial flow occurs is bounded by

regions of axial field B,, with separatrices of radiub
a(z) and b(z),



ag( between electrodes wlich are connected by a

magnetic flux +Q. ) However, in the presence of a

magnetized plasma an arbitrary voltage cannot

be applied at the electrodes, The flux flowilig

away from its source is Limited by the Alfv&r

speed of thr plasma. The result is that the volt-

age of the source (the rate of change of flux) is

not the charge voltage on the external capacitor

bank, but has R very strong dependence on the

current of the system[2]. The magnitudes of the

magnetic fields of sphcromaks[3], reversed-field

pinches (RFPs)[4], and tokarnaks[5] have b~n

shown to be determined by the balance between

the injected magnetic hehcity and resistive dis-

sipation, The ener&v-per-unit-helicity efficiency

of the sustain.ment[3] can be raised by increasing

the connecting flux, but such an increase in flux

impedes the fluid flow and lowers the electrical

impedance (voltage/cu.ment ratio).

The problem of mtirrtizing the imprdance

rmd eflkiency is important for any scheme

for sustainment by hrlicity injection, including

spheromaks, RFPs, or tokarnaks, Understanding

the physical constraints on tbc flow of flux in a

magrwtizcd plasma, and its relation to man flow,

is also important to understanding the physics
of “r~l~ation” phenomenn[6], The observed re-

lationship of mms flow 10 current is critical in

drtcrmiting the density of thr sustainrd sphcro-

mak, which affrct~ its trw~sptwt pr{~pcrt.im17],

where 1+ is the flow rate of a material with

alomic mass M exprc ssed in units of the current,

The Hall parameter ~ is also called the “replace-

ment fact or” since it tells us how many times

the electrons that neutralize the space charge of
the ions thaL traverse the accelerator channel am

replacer.i. [2] M E = 0 then the electrons and ions

move identically together, and there is no cument

flow al all. AsE Increases th~ current carried by

the electrons exceeds thtit carried by the mas-

sive ions, resulting in a net current. in the limit

where the ions are stationary and the electrons

carry all the current the Hall parameter becomes

infinite. If E < 1 then th~~ Hall temns can be
ignored. In the CTX case, E ranges between

about 0.03 and (), 16.

We consider the flow in a geometry such as

Figure 1. The mr+gnetizing ax.iaf flux, creatrd

by a solenoid inside the iruier electrode, emerges

from the frunt regi:m of the inner electrcde and

returns through the outer electrode of the Mar-

shall gun. Above the lower current sheet [at
a(z)] there will be plasma fiow, electric field, a~d

radial current dcnsit,y. Below a(z) thr axiaf flux

(with no flow along it or azimuthal flux in it) will

be compmssrcl until radial force bafanm is satis-

fird, only Soli)t” fraction of thr tied flux mny hc

trmppml in ttw axial flow rcgicm, and nbovr the

upper currmt sheet [nt b(z)] is sulother region

of axial flux (of thr [lpporritc sign) that is corn.

prossrcf against thr cntranrc rcgicm wA], ‘1’hc

rudal flow chmmc] cxpwlds rmliafly agtimt I)(J1h

regions of axial flux until rudird f(m-r t)rd IiIIrc i~

achicvcd. our sirnplc rmdcl ASSIIIIIPSthere is nf I

ax; nl flux mnlml(ld in ttw n’gion of nxinl flow.

Thlrr nI)pr(~xirl;~ti(m is twsclltidly thn[ ttlr cflrct
of t,hv r{)tnt i~mld form }~rlJ~ iri rililrdl r(ml!lm(’{1

tf) ttw Iuinl f(m-c };F}Je,

‘1’hr fim~’ l~ldntl(v d(nl~ thv II{Iw (!hv-n{mlli’h
fYIIII~t if)lt) {Irlvrlllitws WI ciwr~y C(U)SIhnt (f I)NI

nl~}litn, I )iffrmvll iut irlg nf~)l)~ tIw fl~jw lrmls 1,1

thr Illlglrloit t’[lllnl ltm wtliril (If’t(’rlliitws 1IIr m

c~’1{’rl~li(lli, ‘1’11(’1~{’(’[’1[’rnli[~ll ~l!!i (~rlly tnkr l)lnru

Wtlr;l I Il(h gfx~lllt I ry {f III{’ ~tlnlltlt~l rharl~(ts, tw

UI Ii (II{,k{t l}t~)l~t wll[w t II(* vrl(~rit y r{lllrd~ t 11~1



●aaxltal in the Alfvdn speed with the increase in mag-

0.10 - nctic field. The final power of current comes

f
from the necessity of constant mass flow through

0.0s- the source due to the continuity equation. This

3.0s- results in a ramfaction of the density as the ve-

A locity of the flow increases since the velocity goes
O.M-

v
through the Alfven speed at the nozzle. Thus

T
002 -

at constant mass input the density drops as the
velocity increases, further increasing the voltage

o
0 5

and adding the final power of cument to the volt-
10 15 20

LO fc
age. The actual experiment only shows 2 powers

of cunent in the voltage scaling. This is because
010

the amount of mass flow in the experiment gen-

0.00 erally incremes proportionately with the current

(the Hall parameter is a constant), and thus one
0.0s power of the current is ca~celed by the increase

A
Ow

in density.

FLxpcrimcntal reauha The gun parameter
G02

o0 5 10 15 20
A ~ ~p 4~~~ ~ 2.6 X 10KM- u

kg ‘e 1: ep~ n$ 1:

Figurr 2: Gun Pasramctm A wmus Jgr,forwv~ral
diff~rmt conditions.

Alfv6n sped. Since the flow accelerates through-

out the nozzle, the axial velocity is thus dct.cr-

mined at the throat. The geornct ric shape of the

nozzk is dctmnincd fr(m radial form ImJnnre

between the axial and ~inll]thd magnrtic ficlcls,

This analy~is h-ads to the fallowing cxprmsicm for

the ~1111V(dtu#I
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Fig-ur~ 3: Gun current and voltag~ versus gun flux,

compared to the rmalytlc theory with the two ad-

ju6tahlc pwarrwtrrs Alh and Z. Each symbol rep
rmentc a giwn geonwtry and circuit t,vpe, with the

main bank voitagr hrid comtsnt. (a) (;un currr~lt.

(b) L;un Voltage.

The magniLud(’ of the dcnsitv in the sphmo-

mak during sustainment depends on the gun cur-

rent. Figure 5 shows how the sphcromak den-

sity remains approximately proportional to thr

gun current, despite a significant increase in Lhe

magnitude Gf the “confiting” magnetic fields of

the spheromak[7]. Usually the amount of gas

generated in the source is undetermined and rh

is a fre” parameter of the operation. In one casr

[Mode 1964 b(5)] a “slow” gas valve was instahl

on the source which cent inually fed 104 tom-

liter see- 1 ot gas for many rn.illiseccmds. Fig-

ure 6(a) illustrates the changing proporticmal-

ity of the spheromak density-to-current ratio as

more gas was added to the source. Fig, 6(I))

shc)ws how normalizing the gun parameter .~ by
the nr /le proportional-estimate of m rcasonab]y

brings the voltage data together, that i~, the

drop in voltage as the gas isadded isin theo-

retical agreement with the incremse in m.
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Figure 4: Cun pcrfi,rmnnm vcrsu6 axial flux, using

thr analvtk thmxy fit to the data, {Jsing thr theory
shown in (n) with ~czi 16 rtd~, ~,h 15.4 m 1 Rnrl
=. 0.05, thr (h) current, (r) vol!~e, (d) Wkicm’y rl,
~) irtipwlarlcr , md (f) hclicity injmtion ratr arc all

plotted vcruus gun flux for mnin bunk charge voltages
frmi 3 to 1( kV. ‘1’hr curvm at 7 kV arc dashml
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Figure 5: Sphcromak volurnc-average dcrrrrity de
penderrc~ on source pmarnrtcrs. (a) Density vcr-
bus wurcc current for two diflercnt oper~ting modes,

(b) Cknsity dividccl by currcrrt versus ,X9, thowing

the rrrar constancy of the sphrrorrlak density on

the source current exmpt nrur thr hrlicity irrjxtion
thrrshold whcrr the density drops.
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Figurr 6: ~ffmt of rxtcrnal charrgm to gas flow rate.

(a) Density divickd by current for Modr 1984 b(5),
versus the amount of pressure in the slow gas valve ”(~rr

PSIG). Thr Iinitc y-intcrccpt defines the amount of m

for thr usual urrcontrcdlwl case. (b) (;un Pnramct.cr

A normalized by the current-todr;sity ratio versus

A r, for thr diffcrrnt di~chargm with th~ slow VRIVC.

‘1’%r svmbols arc the snmr as (a). with addrd dnta
from this wm]~ n~)dr but with’ rr’c; sh~w wdvc nrld n

c(jnstarlt wdue of n? /lg 10 x 1014rtl “A 1 m+ur]md

nlst, bhown (0).


